STUDY QUESTION: How much statistical power do randomised controlled trials (RCTs) and meta-analyses have to investigate the effectiveness of interventions in reproductive medicine? SUMMARY ANSWER: The largest trials in reproductive medicine are unlikely to detect plausible improvements in live birth rate (LBR), and meta-analyses do not make up for this shortcoming.
Introduction
Before being offered to patients, interventions in reproductive medicine should be evaluated for effectiveness and safety (Harper et al., 2012) . Effectiveness can be demonstrated by showing the intervention improves the live birth rate (LBR) in comparison to a suitable alternative treatment in a randomised controlled trial (RCT). The results of such RCTs are typically, if erroneously, interpreted in a dichotomous fashion. If a statistical test of the primary outcome yields statistical significance (typically, a P-value <0.05), the treatment is deemed to be effective. If it does not, the treatment is deemed to have no effect. The second of these interpretations is never warranted, since absence of evidence is not evidence of absence (Altman and Bland, 1995) . However, if a trial has high statistical power to detect any clinically relevant effect, then failure to observe statistical significance suggests that the treatment does not provide a meaningful benefit. The key phrase here is worth repeating; 'if a trial has high statistical power to detect any clinically relevant effect'. If this does not hold, then little can be said about whether or not the treatment is effective on the basis of a non-significant result. While a typical interpretation in this case would be that the treatment has no effect, it would be more accurate to say that the trial offers insufficient information to tell us whether or not the treatment works. A trial's power increases with its sample size, so when we say a trial is underpowered, we are saying it is too small.
A superior approach to interpreting the results of RCTs is to consider not only the statistical significance of the result, but also the CI for the estimated treatment effect (Altman and Bland, 2004) . Roughly speaking, the CI provides a range of values for the treatment effect that are consistent with the study data. A common mistake is to conclude that a lack of effect has been demonstrated whenever the CI crosses the null (Greenland et al., 2016) . The possibility that the treatment effect might be one of the other values in the interval (or indeed, outside of it) is typically ignored. Wider intervals correspond to less precisely estimated effects, and greater uncertainty in the result. As for power, precision increases with sample size, so that when we say a trial has an imprecise estimate of the treatment effect, we are again saying it is too small.
In principle, underpowering and imprecision in individual trials can be overcome by pooling studies in meta-analysis. This is predicated on the aggregated sample size of the studies being sufficient, which may not hold if the available trials are limited in size or number. If a metaanalysis of all trials of an intervention is underpowered to detect clinically relevant effects, then this suggests that the intervention has not been well tested for effectiveness.
The aim of the present study was to determine the power and precision of RCTs and meta-analyses investigating the effectiveness of reproductive medical interventions.
Materials and Methods

Eligibility
In February 2018, we searched the Cochrane Library for systematic reviews published by Cochrane Gynaecology and Fertility. To be eligible, the review had to concern the evaluation of an intervention in reproductive medicine, and the primary outcome of the review had to be live birth. This is the usual primary outcome for reviews of interventions for subfertility, and we imposed this criterion to circumvent interventions not intended to increase birth rates (e.g. volume expanders for the prevention of ovarian hyperstimulation syndrome). Review protocols and reviews of diagnostic test accuracy were not eligible.
Data extraction
A Cochrane Review typically contains several comparisons; several variations of the intervention under review may be considered in separate comparisons, or comparisons of the same interventions may be made against different control groups. For example, the Cochrane Review of time-lapse systems for embryo incubation and assessment in assisted reproduction includes two comparisons; first, time-lapse systems with cell-tracking algorithms versus time-lapse systems without cell-tracking algorithms, and second, time-lapse systems versus conventional incubation (Armstrong et al., 2015) . We extracted data from every comparison in each eligible systematic review. We extracted the number of participants in the metaanalysis of live births in each comparison, as well as the number of participants in the largest RCT in each of these meta-analyses. The rationale for choosing the largest trial was to identify the most definitive studies that had been conducted. It would not have been appropriate to evaluate the power of all RCTs in an indiscriminate fashion, since this would include many early-phase and pilot studies, which we would not expect to be powered to detect improvements in live birth. Moreover, if the power of the largest trials was found to be inadequate to detect clinically relevant effects, then it would follow automatically that the power of smaller trials would be even less. For multi-arm trials, we allowed for several arms to be combined into one, following the judgement of the Cochrane Review authors. When ongoing pregnancy data (defined by Cochrane Gynaecology and Fertility as gestational sac with foetal heart motion confirmed at 12 weeks) had been used as a surrogate for live birth in the review, this data was also used in our analysis since these are generally considered permissible where live birth data are not available. In addition to sample sizes, we extracted the estimated treatment effects (e.g. odds ratios) and 95% CIs for both the meta-analyses and largest trials. Finally, a median was calculated from the LBRs in the control arms of trials included in each metaanalysis (the median control group probability of live birth) for use in subsequent analyses. Two reviewers independently extracted data, with disagreements resolved through discussion and rechecking. The Supplementary Data illustrates the data extraction process using the aforementioned review of time-lapse systems (Armstrong et al., 2015) .
Statistical analysis
The primary analyses were based on the largest trial in each live birth meta-analysis (i.e. in each comparison) and the live birth meta-analysis in each comparison. In addition, we performed two sensitivity analyses. In the first, we analysed the largest RCT in any live birth meta-analysis included in each Cochrane Review and in the second, the largest live birth meta-analysis in each Cochrane Review. These sensitivity analyses were conducted to ensure that we had tested the strongest possible representation of the literature, since it could be argued that some comparisons included in Cochrane Reviews are too esoteric (for example, some contain singular small trials with atypical comparison groups) to represent the status quo.
First, for each of the primary and sensitivity analyses described above we calculated the power to detect improvements in live birth ranging from 1 percentage point (pp) to 25 pp, in increments of 0.5 pp, assuming a standard analysis for a binary outcome would be used (chi-squared test or Z test of proportions). A 5-pp absolute improvement would be an increase from 20% LBR in the control group to 25% in the treatment group, for example. A 5% significance threshold was assumed. We used the median control group probability in the corresponding meta-analysis for these calculations. We then summarised the power using descriptive statistics, including the proportion of RCTs/meta-analyses achieving 80 and 90% power to detect effects of these sizes. We additionally calculated the improvements in LBR that trials and meta-analyses had 80% and 90% power to detect. In relation to meta-analyses, we calculated power as though all participants were included in a single trial. This ignores heterogeneity between trials in a meta-analysis, and will cause us to overestimate power (Roberts et al., 2015) .
Finally, we extracted the estimated effects on live birth in the sample and the corresponding 95% CI for each of the primary and sensitivity analyses. Precision was measured using the width of the 95% CI. Again, we used the median LBR in the control group to present these findings on the absolute scale.
Results
The data used in this study may be accessed at https://osf.io/852tn/? view_only=90f1579ce72747ccbe572992573197bd. We identified 334 comparisons within 107 eligible Cochrane Reviews (Fig. 1) . A total of 135 (40%) comparisons contained no live birth data (no trial reporting live birth had been identified for that comparison in the review, or in one case the trial had just one participant in each of the treatment and control arms). Thirty (28%) Cochrane Reviews contained no live birth data at all. The median (interquartile range: IQR) sample sizes were 182 (80-341) for the largest trials in each comparison, 215 (82-532) for the meta-analyses in each comparison, 302 (149-487) for the largest trials in each review, and 499 (200-1062) for the largest meta-analysis in each review.
Power Figure 2 displays the median (IQR) power of the RCTs and meta-analyses to detect improvements in LBR in the 77 reviews (199 comparisons) containing any live birth data. In the following, we have illustrated the results using four effect sizes (LBR improvements); 5, 10, 15 and 20pp. We considered an improvement of 5pp to be relevant and realistic a priori. Table I shows power to detect improvements of these magnitudes in the sample. Power to detect LBR improvements of 10pp or less was low. No trials
Figure 1 Flow chart showing the number of Cochrane
Reviews identified at each stage in a systematic review of the literature. The search was performed in February 2018 in order to assess the power and precision in randomised controlled trials (live birth as primary outcome) and meta-analyses. and only 2% of meta-analyses achieved 80% power or greater to detect an improvement of 5pp, while 10% of trials and 27% of meta-analyses achieved 80% power to detect an improvement of 10pp.
Median power was higher in relation to 15 and 20pp LBR improvements, although substantial numbers of trials and meta-analyses still did not achieve 80% power. Sensitivity analysis carried out on the largest RCTs and meta-analyses in each review gave similar results, with many remaining underpowered in relation to both realistic and large effects ( Supplementary Table SI ).
Estimated effects compared with effects the studies were powered to detect RCTs had 80% power to detect median (IQR) LBR improvements of 19pp (13-29pp) and 90% power for improvements of 22pp (15-33pp). Meta-analyses had 80% power to detect improvements of 16pp (9-27pp) and 90% power to detect 19pp (11-31pp). By contrast, actual improvements in LBR were generally estimated to be small (Table II) . The median (IQR) estimated improvement was 0 pp (−4 to 6pp) in RCTs and 0pp (−3 to 7pp) for meta-analyses. Results were essentially the same for sensitivity analyses ( Supplementary Table SII ). In total, 35 (18%) of trials and 44 (22%) of meta-analyses had statistically significant results. In Table III , we provide illustrative sample size calculations to detect absolute improvements in LBR of 2, 5 and 10pp.
Precision
The precision of estimated treatment effects is shown in Table II , measured using the width of the 95% CIs expressed as absolute differences in LBR between the treatment and control groups. A width of 10pp would mean that the 95% CI includes values for the risk difference over a span of 10 pp (from −5pp to 5pp, e.g. or from 0pp to 10pp). The median (IQR) widths were 25pp (16-39pp) for RCTs and 21pp (12-34pp) for meta-analyses, and remained large in sensitivity analyses ( Supplementary Table SII ).
Discussion
The present study suggests that interventions in reproductive medicine are frequently not assessed for plausible and clinically worthwhile For example, having a power of 80% to detect an improvement in live birth rate (LBR) of a given size (e.g. 5 pp) means that a study would have an 80% chance of a statistically significant result (P < 0.05) under the condition that the effect of treatment on LBR was of this particular size (5 pp) and a standard statistical analysis was used (chi-squared test). RCT, randomised controlled trial; IQR, interquartile range; pp, percentage points.
improvements in LBR. Absolute improvements of 15pp or less will not be reliably detected among even the largest trials within each review, and in this context it is an error to conclude from a non-significant result that a treatment is ineffectual; smaller clinically meaningful effects may still exist. Estimated treatment effects were found to be generally imprecise, such that there remains substantial uncertainty around the relative merits of interventions. Meta-analyses were not usually sufficiently large to overcome these limitations, increasing the power only minimally.
We found that 28% of Cochrane reviews with LBR as the primary outcome contain no live birth (or ongoing pregnancy) data whatsoever. In some cases, it is possible that effectiveness of an intervention has been ruled out on the basis of early phase or pilot trials showing that the intervention did not affect a procedural outcome measuring the purported mechanism of action (such as number of oocytes obtained, or embryo quality). This is a legitimate approach, since it prevents the needless expenditure of resources and the unethical randomisation of participants in large effectiveness trials. In these cases, the lack of live birth data is not surprising. It is also possible for some interventions that larger trials have been conducted, but that these did not report live birth or ongoing pregnancy. These trials would not be included in our sample. We note, however, that these trials do not provide definitive evidence about clinical effectiveness if they do not report effectiveness outcomes. Reporting only upstream events can be misleading because demonstrating effects on surrogate outcomes does not amount to demonstrating effects on live birth, even if the two are correlated (Fleming and Powers, 2012) . However, it has been suggested that results based on clinical pregnancy are similar to those based on LBR (Clarke et al., 2010) .
This study raises the question of what effect sizes reproductive medicine studies should be powered to detect. This is usually considered using the concept of a minimum clinically important difference (MCID). This is the smallest benefit that would still make the treatment worthwhile. We should not expect a single MCID to be applicable in all cases, since we might demand a larger benefit from expensive or invasive treatments before we consider them to be valuable and ethical. In all cases, the treatment should remain cost effective and achieve an acceptable risk:benefit ratio. Investigators may consider absolute improvements of 5pp or less to be negligible, since this amounts to a single additional live birth for every 20 treatment cycles. In reality however, an improvement of even 1pp would amount to many thousands of additional live births globally every year. We also note that couples consider LBR to be of primary importance when selecting an IVF clinic (Marcus et al., 2005) and reported differences between centres are frequently smaller than 5pp. Regardless, our results suggest that trials and meta-analyses are frequently underpowered to detect absolute improvements even as large as 20pp (e.g. an improvement from 25 to 45% LBR, which is so large as to be implausible for any worthwhile comparison). In this sample, we found that absolute improvements in LBR were estimated to be small on average, with estimates of 10pp or greater occurring infrequently and arising from very small meta-analyses. It would be necessary to survey a variety of stakeholder groups to establish the smallest treatment effects that would be considered meaningful, but current standards for effect sizes used in sample size calculations do not appear to be realistic. We have not considered cumulative LBRs, broadly defined as the LBR after several episodes of treatment, since reporting of this outcome is relatively scanty (Wilkinson et al., 2016) . In general, effects on cumulative birth could be larger or smaller than effects on live birth, depending on the particular treatments being compared. Low power remains problematic for non-inferiority studies, although it is common to see generous inferiority criteria used to guarantee a favourable conclusion, even when precision is lacking.
The reasons why well-powered trials are exceptional in reproductive medicine remain to be elucidated. Various possibilities present themselves. Some investigators may not understand the statistical ..................................................................................................................................................................................... .....
Table II
Effect sizes that studies have 80 and 90% power to detect, and effect sizes that were actually estimated by the studies, including the precision of the estimates as measured by width of 95% CI. Numbers shown are overall numbers required in a two-arm trial with a 1:1 allocation ratio.
concept of power, and may base the trial size on a previous study without the guidance of a formal power calculation or else using the observed effect size. The justification provided is usually that this was adequate to yield a significant result in the earlier study. This reasoning is flawed however; even if a statistically significant result was observed in a previous study, it does not follow that this is likely to happen in another trial of the same size. This is because the previous study, just like any study, only provides an estimate of the actual treatment effect, which could in fact be larger or smaller than observed. New guidance on choosing the target difference for sample size calculations has recently been published (Cook et al., 2018) . Another reason for the lack of well-powered RCTs may relate to feasibility. Investigators and funding bodies may feel that it simply is not possible to do larger trials. Single-centre studies, necessarily small, are much easier to conduct than multi-centre trials. This raises questions regarding the ethics of conducting trials with low power to detect realistic effects. One response might be that the underpowered trial, being the best that can be done, is better than nothing. Even if this were the case however, some would argue that a study which is unlikely to provide a clear answer to an important research question cannot be ethically justified (Altman, 1980) . The obvious counter-point would be that the smaller trial will provide data to be pooled in a meta-analysis (Vail, 1998) , but our results suggest that data synthesis frequently fails to enlighten. Another reason for the preponderance of undersized trials could be investigator enthusiasm for the intervention (leading to use of exaggerated treatment effects in sample size calculations (Gelman and Carlin, 2014) ). In general, there appears to be a commonly held belief that randomising a few hundred women is sufficient to test whether or not a treatment is effective. In Table III , we provide illustrative sample size calculations for a range of plausible scenarios. The numbers we present challenge this belief, with trials of feasible differences requiring a thousand or more patients per arm; yet only 4.5% (9/199) of the trials included (which we reiterate, are the largest that have been done) in this study recruited over 1000 participants. A serious concern relating to underpowered trials is that not only non-significant but also significant trials are misinterpreted. We have already noted the fallacy committed when a non-significant but imprecise result is taken as a demonstration of ineffectiveness. A lesserappreciated point is that, if power to detect the true treatment effect is low, a significant result can only occur if the effect of treatment appears to be larger in the particular study than it actually is (Gelman and Carlin, 2014) . The combination of underpowered trials and inadequate statistical literacy can therefore be expected to lead to unwarranted pessimism as well as unjustified enthusiasm regarding reproductive interventions, neither of which are consistent with the practice of evidence-based medicine or the idea of informed patient choice.
RCTs and meta-analyses are vitally important to fertility research, and so it is crucial that we identify strategies to improve the evidence base (ESHRE Capri Workshop Group, 2018) . The obvious solution is to conduct larger confirmatory trials, although this is easier said than done, particularly for conditions with lower prevalence. Achieving this goal with fixed resources will require that fewer trials are conducted overall, and that studies are designed and implemented as large, collaborative endeavours. Priority-setting partnerships and clinical trial networks have been suggested as possible mechanisms for the realisation of collaborative, multi-centre studies focussing on the most important research questions (Wilkinson et al., 2019) . In the UK, for example, the Reproductive Medicine Clinical Study Group of the Royal College of Obstetricians and Gynaecologists and the Scientific Committee of the Human Fertilisation and Embryology Authority aim to identify research priorities, with the former also providing leadership in clinical trials. However, we recognise that the requisite principles might not always sit comfortably in an industry where providers compete for patients and frequently do so by offering a variety of novel but unproven treatments Spencer et al., 2016) . Moreover, we believe that the potential to conduct what have been called 'large, simple trials' (Eapen et al., 2014) in reproductive medicine is worthy of further research. These aim to reduce the burden of large-scale RCTs by stripping study procedures down to the essentials and leveraging existing platforms for data collection.
While the numbers of potential participants will vary according to each trial's inclusion criteria, there is no shortage of people seeking fertility treatment (e.g. 68 000 cycles of IVF are performed in the UK each year (Human Fertilisation and Embryology Authority, 2018)). If we are unable to randomise greater numbers of women to fewer high-quality trials however, other solutions must be considered. Core outcome sets represent one strategy to maximise the information provided by trials (Khan and Initiative, 2014) . The Core Outcome Measures for Infertility Trials (COMMIT) project (Duffy et al., 2018) will ensure that trials report standardised measures, facilitating powerful meta-analysis. There may also be scope to strengthen the evidence base using individual patient-data meta-analysis, which enables the use of more powerful modelling methods (Riley et al., 2010) . These methods are predicated on the availability of the requisite data however, and so it is crucial that data generated from RCTs are shared with the scientific community. It is essential that meta-analyses of any type are kept up to date with the latest evidence. Large electronic databases of routinely collected patient data offer another possible solution to small sample sizes, but introduce new sources of bias which obfuscate the causal effects of treatments (e.g. Hernan, 2011; Agniel et al., 2018) . They should not be discounted completely however. In the hands of skilled researchers, they may still form the basis of well-designed epidemiological studies, subject to careful interpretation supported by appropriate sensitivity analyses (Fox and Lash, 2017; VanderWeele and Ding, 2017) . Given the low rates of adverse events associated with treatments, as well as the timescales required to assess long-term health outcomes in children, these studies probably offer the only realistic means to evaluate the safety of new technologies. The requirement for accurate and relatively complete routine data collection is a non-trivial barrier however (Roberts et al., 2010) . Meanwhile, researchers and consumers of research can improve the decisions they make regarding the design and interpretation of RCTs by increasing their understanding of the statistical concepts of significance, power and precision (Farland et al., 2016; Greenland et al., 2016; Rothman and Greenland, 2018) .
We conclude that definitive evaluations of reproductive medical interventions are the exception rather than the rule, but that open, collaborative research practices offer a chance at redemption. The consequences of underpowered trials are important, since uncertainty around the effects of new technologies leaves room for the exploitation of vulnerable people looking to maximise their chances of having a child. We hope that these findings will provoke discussion regarding the need for bigger RCTs brought about through collaboration between centres and targeted at the most important questions, improved use of retrospective data and a delay in approval of new technologies until robust evidence is available.
